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(57) Abstract 

A mediod of imaging molecules erf interest within a biological sample comprises shining a UV Ugjit onto the sample, and detecting 
the molecular UV absorptiOT. Where the molecules of interest are tiiemscWes UV absorbcre. the intrinsic absorption of the those molecule 
may be used. If ihe nwleculcs of interest are not good UV absoibers. UV^oibing tag mole^ 

in molecular imaging devices of all types, and m DNA sequences. A novel diamond-based detector is disclosed which ts suitable for many 
applications. 
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MOLECULAR IMAGING 



The present invention relates to the general fields 
of molecular imaging and genetic sequencing. 
5 Current methods of nucleic acid sequencing and 

mapping, and protein and tissue imaging, are based on 
radioactive, bio- and chemiluminescent emitters, 
photographic plates, and some electronic techniques. 
None of these have in practice been found to be entirely 

10 satisfactory. 

Fluorescent imaging, radio labelling and bio- and 
chemiluminescent markers used with film and/or emulsion 
are expensive, very slow, limited and difficult to 
interface to computers. The techniques involved are 

15 difficult, and require hazardous handling and disposal 
procedures requiring substantial technical expertise. 
The materials used are often difficult and expensive to 
obtain, and have short shelf lives. Photographic 
imaging , which is frequent ly used , takes days or 

20 sometimes weeks or months to . accomplish, and is limited 

by virtue of its small dynamic range and relatively poor 
linearity of response. 

of the electronic techniques, phosphor 
imaging/mult iwire proportional chamber (MWPC) and the 

25 microchaimelplate/MWPC approaches are unpopular with many 

molecular biologists because of their limited linearity 
and cost. 

It may be helpful by way of background to set out in 
some detail the current state of the art in nucleic acid 
30 imaging. There are two separate methodologies which are 

currently in common use, details of which are set out 
below. 

First, there are those involving the use of a 
photographic film to visualise chemiluminescent or 
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radioactive labels and secondly, those using a light 
emitter, such as ethidium bromide, which chemically binds 
to nucleic acids and emits orange light under UV 
stimulation. The first imaging technology is usually 
5 used in nucleic, acid sequencing. This process involves 

the chemical labelling of a component of the sequencing 
reaction, usually the primer, with a radio -isotope or 
chemiluminescent marker, or tag. Subsequent to the 
sequencing reaction and electrophoresis, this tag is used 

10 to image the position of the nucleic acid bands by the 

exposure of normal photographic film to the dried 
electrophoresis gel. This is a lengthy process, taking 
from 24 to 72 hours, depending on the sequencing 
technique used. Many of the radioactive markers used in 

15 nucleic acid sequencing are extremely hazardous and 
introduce extra complications to the sequencing process 
therefore any imaging system which removes the necessity 
for these markers would be extremely advantageous. 

The second technology, that of light emitters, is 

20 generally used for DNA restriction analysis and plasmid 

construction planning. This technique relies on the 
imaging of nucleic acids in simple agarose gels using the 
carcinogenic chemical ethidium bromide which emits orange 
light after UV stimulation to visualise the size and 

25 estimate the concentration of nucleic acid present . 

Ethidium bromide is a highly undesircQ^le component of 
this technique with dangerous accumulative medical 
consequences. Its removal from the imaging technique 
would be very advantageous in every application of 

30 agarose gel analysis. 

Nucleic acid sequencing, as opposed to spatial 
imaging, normally makes use of a rather different 
process. This process involves the chemical labelling of 
a component of the sequencing reaction, usually the 
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primer, with a radioisotope or bio or chemiluminescent 
marker, or tag. Subsequent to the sequencing reaction 
and electrophoresis, this tag is used to image the 
position of the nucleic acid bands by exposing 
5 photographic film to the dried electrophoresis gel. This 
is a lengthy process, taking from 24 to 72 hours, 
depending on the sequencing technique used. 

DNA restriction enzyme analysis (DNA mapping) and 
vector construction is a fxindamental aspect of molecular 

10 biology. These mapping techniques also rely on the 

photographic imaging of nucleic acids fragments in simple 
agarose gels using ethidium bromide. This marker emits 
orange light after UV stimulation, to visualise size and 
estimate concentration of nucleic acids. Ethidium 

15 bromide is an undesirable component of this technique 

with dangerous cumulative carcinogenic consequences. Its 
removal from the imaging technique would be very 
advantageous in every such application of agarose gel 
analysis . 

20 The imaging of peptides and proteins is often the 

end destination of many genetic engineering processes. 
However, it also forms a huge portion of general 
biological, biochemical and medical research. Indeed, it 
is hard to think of a bioscience area that is not 

25 dependent, at least in some way, on protein analysis. 

The analysis is again normally based on electrophoretic 
techniques, being dependent on the addition of a marker. 
Generally these are radioactive although 
chemiluminescence cuid specialised chemical stains are 

30 also used. 

The field of tissue imaging is hugely important in 
the areas of drug development, cuid medical and molecular 
diagnostics. Traditionally, )3-emitting markers may be 
used to image the distribution of a drug within a tissue 
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sample. This process typically takes weeks or even 
months, and requires the use of potentially hazardous 
sxibstances. 

It will be understood that all of the present 
5 methods mentioned above require the use of either 

radioisotopes or other hazardous substances in addition, 
at least some of the techniques listed require the use of 
expensive and inconvenient electrophoresis gels. To 
summarise, the major problems are as follows: 
10 1. Training, Health & Safety standards require all 

workers in contact with any form of radioactivity to have 
extensive training in the handling, use and disposal of 
radioactivity. 

2. Use. The incorporation of radioactivity into a 
15 system is often a complex and time-consuming process. 

The worker must take extreme precautions, for example 
with the isotope ^^P, which is commonly used in DNA 
sequencing, has to be shielded from the worker by 
perspex, which makes an already complex experiment much 

20 harder. Subsequent to the initial experiment, the 

further manipulation of the already fragile 
electrophoresis gel is complicated by the radioactivity 
present. Radioactivity can be replaced by chemi- or bio- 
luminescent imagers, but these, and while these are safer 

25 they are still complicated to use. 

3. Time. All these imaging systems rely on the use of 
autoradiography to visual the nucleic acids or proteins. 
This is achieved by drying the gel onto a piece of filter 
paper and exposing it to a piece of photographic film. 

30 The film must be exposed for anything between 24hrs to 3 

months. Therefore it can take from days to months to 
even see if the experiment worked. This is a major 
problem in molecular biology and increases the length of 
research projects significantly. 
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4. Expense. The various components of these 
experiments are expensive. Radioactivity has a limited 
shelf -life because of its natural decay, and it is also 
expensive, with ^^S costing cJDOUt £250 for 20 sequencing 

5 reactions. The film used is also very expensive as some 
of it measures 35 x 45cm. 

5. Disposal. These processes generate large volumes of 
solid and liquid waste, all of which must be disposed of 
legally and responsibly. This is also very expensive and 

10 troiiblesome . 

According to a first aspect of the present invention 
there is provided a method of imaging molecules within a 
biological sample comprising shining a UV light onto the 
sample, and detecting the position of molecules of a 

15 selected class by the molecular UV absorption of 

molecules of that class. 

According to a second aspect of the present 
invention there is provided a molecular imaging device 
for imaging molecules with a biological sample, 

20 comprising a UV light source arranged to shine onto a 

sample to be investigated and a UV detector arranged to 
detect- the position of molecules of a selected class by 
the molecular UV absorption of molecules of that class. 
According to yet a further aspect of the present 

25 invention there is provided an electrophoresis apparatus 

comprising an electrophoresis material onto which samples 
to be analysed are loaded, means for applying a potential 
difference along the material thereby causing the samples 
to move (migrate or drift) along the material, and a 

30 fixed detector located part way along the material and 

arranged to detect molecules of a selected class as they 
move past the detector. 

According to yet a further aspect there is provided 
an electrophoresis apparatus comprising an 
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electrophoresis material onto which samples to be 
analysed are loaded, means for applying a potential 
difference along the material thereby causing the samples 
to move (migrate or drift) along the material, a light 
5 source arranged to shine onto the material and a detector 

arranged to detect the position of molecules of a 
selected class by the molecular light absorption of 
molecules of that class. 

In the preferred method of the present invention, 

10 molecules are imaged by detecting their intrinsic 

absorption of UV light. In this aspect of the invention, 
we use the intrinsic image of the molecule itself, 
whether it be a nucleic acid fragment, a protein, or 
indeed a polypeptide chain. The image comes from the 

15 absorption of that molecule, using molecular UV 
absorption spectrometry, in contrast to the well known 
technique of optical spectrometry. The key advantage is 
the lack of a tag. 

This has many important consequences. Perhaps the 

20 most obvious is that no hazardous tag is no longer 
needed, whether it be radioactive or a well known 
carcinogen like ethidium bromide. Another issue is that, 
for sequencing reactions, the lack of the tag removes one 
of the major constraints on the number of bases that can 

25 be sequencied: that is, the amount of radioactivity that 

can be incorporated within the san5)le. 

Preferably, the molecules of interest are directly 
imaged by detecting their absorption by imaging the 
nucleic acid, protein or tissue map onto a diamond 

30 detector. This may be accomplished by illuminating the 

object to be imaged - whether it be nucleic acids, 
proteins or tissue,, with constant brightness UV light 
from either a broad spectrum device like Helium discharge 
tube, or a monochromatic laser like an excimer laser at 
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196nm. We observe the different amounts of light 
reaching a detector placed behind the object being 
imaged. In the case of two or three dimensional imaging, 
the shadow is imaged simultaneously, and the object 
5 thereby identified. This requires a two-dimensional 

detector, like a pixel device or a pixellated ridge 
device . 

In the superior case of the directional laser, we 
can scan the object to be identified onto a one 

10 dimensional detector, either planar (with strip 

electrodes) or ridged, and build up a two dimensional 
image. The latter case is superior in an additional way: 
by making two (or more) scans with non-parallel laser 
beams, a stereoscopic image can be made, allowing 3D 

15 reconstruction. 

When the invention is applied to nucleic acid 
manipulation and cjuantitation, the technology will allow 
a quantitative differentiation between transmitted and 
absorbed energy. The quantitation of DNA under these 

20 conditions has important applications in the construction 

of expression vectors that are used to produce 
specialised proteins used in therapeutics. 

When the present invention is applied to the imaging 
of peptides and proteins, the same equipment may be used 

25 as that used to image DNA restriction enzyme maps. The 

speed of imaging provided by the present invention offers 
significant advantages over existing techniques, some of 
which can take up to three months. 

This idea is based on the absorption by proteins of 

30 UV light at <230nm, also an optimal range for nucleic 

acids. Thus the same detector could image both types of 
molecules. An added bonus of the feature is that lipids, 
carbohydrates and other small macromolecules cibsorb UV 
poorly if at all in this range, thus allowing an 
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intrinsic filtering of biological noise on the image. 

This spectral response is ideally matched to that of 
diamond, which turns on at 224nm, and is extremely 
insensitive to light of greater wavelengths or lower 
5 energy. This is a very powerful attribute for a detector 

to have, A typical wavelength range for a diamond 
detector is about 180-224 nm, but since the lower limit 
is imposed more by the materials and/or source than the 
detector medium, lower wavelength detection may not be 

10 excluded in all circumstances. For certain 

applications, silicon detectors could be used (detection 
range 190-300 nm) . Photomultipliers might also be used. 

In its application to tissue imaging, two- 
dimensional images may be built up using a pixelated 

15 detector, or a strip in which the source is scanned 
orthogonally to the strips. In the preferred embodiment 
of the invention, a diamond detector is used, and two- 
dimensional images are built up by pixellating the 
diamond or scanning the UV source orthogonally to the 

20 strips. Most usefully, three dimensional stereoscopic 

images can be built up by the addition of images from 
non-parallel lasers imaged on the same detector. In this 
case, we propose to strobe alternately the lasers, with 
the detector read out with the parallax shifts 

25 determining the three-dimensional structure. A highly 

resolved three-dimensional image will allow details on 
the tissue structure to be derived. This will greatly 
cut down development time for a new drug and hence reduce 
the overall cost. 

30 In one preferred embodiment, the invention extends 

to an electrophoresis apparatus, for example to a DNA 
sequencer. The apparatus preferably monitors 

qualitatively the changes in a signal from a source as 
bands of nucleic acids passed between the source and the 
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detector on an electrophoresis gel- As the bands pass 
the detector, they may be digitised directly to a data 
base . 

The apparatus may further incorporate the concept of 
5 using inert reusable solid phase for the electrophoresis. 

For a DNA sequencer, the solid phase may be coated or 
otherwise supported on a quartz substrate (for example a 
tube) , there preferably being four separate tubes for the 
four bases. 

10 To summarise, the following are the primary 

advantages of the present invention, or subsidiary 
aspects of the present invention: 

1. Training. The removal of radioactivity from the 
systems obviates the need for Health & Safety training. 

15 2. Use. The removal of radioactivity or any other 

extrinsic imaging component from the experimental process 
dramatically increases the efficiency and speed of those 
reactions. The labelling step (where the radioactive 
marker is added to the reaction) is often complicated, 

20 and its failure cannot be perceived until the end of the 

experiment . 

3. Time. The ability to image the results of, for 
example, a sequencing gel in minutes rather than hours is 
expected to lead to a dramatic increase in the efficiency 

25 of large scale sequencing operations such as the Human 

Genome Project. It would also allow the faster discovery 
of problems within the reaction - a lot of time is lost 
in molecular biology due to the time it can take to 
realise that an experiment has not gone according to 

30 plan. 

4. Expense. The application of hardware based on this 
technology would lead to a massive release of funds from 
any research groups consumcd^les budget. Following the 
initial equipment costs, many molecular biology groups 
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could expect to see their radioactivity and film 
requirements drop substantially. 

5. Disposal. Environmentally, the benefits of the 
technology are immense. The total removal of 
5 radioactivity from the system of course eliminates the 

need for its disposal. 

According to another aspect of the invention there 
is provided a method of identifying individual substances 
within a mixture of substances comprising: 
10 (a) causing the mixture to travel past a 

spaced plurality of detectors, each detector I,^ 
being arranged to produce a signal Sj^ 
representative of a characteristic of the 
mixture as it passes the detector 1,^; 
15 (b) repeatedly measuring the signal S^{t) at each 

detector 1^ at a plurality of times t = ti, tj, 

(c) grouping the signals S^[t) by nominal velocity 
V,t(t) , the velocity needed for a substance within the 

20 travelling mixture to reach the detector I,^ time 

t , and 

(d) identifying individual substances within the 
mixture according to peaks withinthe collection of 
grouped signals. 

25 According to another aspect there is provided a 

method of identifying individual substances within a 
mixture of substances comprising: 

(a) causing the mixture to travel past a 
spaced plurality of detectors, each detector 1,^ 

30 being arranged to produce a signal Sj, 

representative of a characteristic of the 
mixture as it passes the detector 1^; 

(b) repeatedly measuring the signal S^it) at each 
detector 1^ at a plurality of times t = t^, tj, tj 
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(c) grouping the signals Sy^it) in velocity space; 
and 

(d) identifying individual substances within the 
5 mixture according to peaks within the grouped 

signals in velocity space. 

By transforming into velocity space and integrating 
over time the individual substances (for example 
biomolecules) may be rapidly identified as individual 

10 spikes or peaks in velocity space. The size and/or 
width of each peak may be used to obtain a measure of the 
amount of each individual substance. 

The use of the word "substance" has to be read 
extremely broadly since the method in its most general 

15 form may be applicable to many applications other than 

the recognition and identification of biomolecules. The 
same method might for example be used to identify the 
flow of individual substances down a common pipeline, cind 
it may also find application with individual discrete 

20 objects such as in the analysis of traffic flows. 

In transforming to velocity space, a calculation may 
be undertaken of the velocity that is needed for a 
stibstance within the travelling mixture to reach a given 
detector 1^ at the time t at which the signal from that 

25 detector has been recorded. This nominal velocity may 
be calculated as Z„ over t where is the distance from 
an origin to the detector I,, and t is the time elapsed. 
There may however be other methods of determining nominal 
velocities, for example measuring the time taken for a 

30 known substance to move between one detector and the 
next. It would also be possible to determine velocity 
by identifying a particular sequence of bands at one 
detector and measuring how long it takes that sequence of 
bands to move, on average, to the next detector. In 
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that way, an individual band within the sequence may be 
identified and accurately timed at two separate 
detectors, with the velocity then being calculated from 
a knowledge of the distance between the detectors . 

The invention may be carried into practice in a 
number of ways and several specific embodiments will now 
be described, by way of example, with reference to the 
drawings, in which: 
5 Figure 1 shows a prior art detector; 

Figure 2 is a cross -section through a detector 
suitable for use with the method and apparatus of the 
present invention; 

Figure 3 is a perspective view of the detector of 
10 Figure 2; 

Figure 4a shows another embodiment, the electrodes 
being connected in a bipolar voltage configuration; 

Figure 4b shows the embodiment of Figure 4a, the 
electrodes being connected in a resistor chain 
15 configuration; 

Figure 5 shows yet a further embodiment of a 
detector suiteible for use with the method and apparatus 
of the present invention; 

Figure 6 shows a molecular imaging device comprising 
20 an embodiment of the present invention; 

Figure 7 shows a side view of the imaging device of 
Figure 6; 

Figure 8 shows, schematically, an automated DNA 
sequencer comprising another embodiment of the present 
25 invention; 

Figure 9 is a schematic section through the 
sequencer shown in Figure 8; 

Figure 10 schematically illustrates the preferred 
embodiment of isolating biomolecules; emd 
30 Figure 11 shows the results of the preferred 
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analysis as a graph in velocity- space . 

Referring first to Figures 6 and 7, there is shown 
a molecular imaging device comprising a preferred 
embodiment of one form of the present invention. The 
5 device shovm in Figures 6 and 7 is primarily a nucleic 
acid/protein imager, and in its most straightforward form 
it comprises a generally flat base portion 710, a body 
portion 715 secured along one edge of the base portion 
and a lid 720 which is pivotally secured to the body 

10 portion 715 by means of an elongate hinge 730. Between 
the lid and the base is an electrophoretic gel moxint 740. 
The base portion 710 incorporates a scanning UV detector 
assembly, preferably although not necessarily having a 
detector of the form that will be described later with 

IS reference to Figures 1 to 5. 

To use the imager, the lid 720 is first raised, and 
a sample (not shown) to .be imaged is placed on the mount 
740. The sample may include, amongst other things, an 
electrophoresis gel containing molecular samples that 

20 have been separated in a conventional way using an 
electric field, a thin section through biological tissue, 
or a .monolayer of cells that has been grown on the 
surface of a suitable flat mount. Once the sample has 
been placed in position, the lid 720 is closed, and an 

25 ultra-violet light box 722 attached to the xmderside of 

the lid is switched on. This bathes the samples in 
ultra-violet light, with the amount of UV absorption 
being detected by the detector assembly with the base 
portion as the detector scans transversely across the 

30 sample. The detected pattern of absorption across the 

surface of the sample is digitized, and is transferred 
via a data port 750 to an external computer (not shown) 
running a suitable graphics program. 

The light box 722 may incorporate any suitable 
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ultra-violet source, such as a deuterium lamp. A switch 
723 provides the capability for the user to switch 
between UV wavelengths, so that both nucleic acids and 
proteins may easily be imaged. 
5 In an alternative arrangement, the UV source could 

be mounted to a transverse scanning assembly (not shown) 
secured to the lid 720. In that arrangement, the UV 
source would scan across the sample while the detector, 
within the base portion 710, could remain stationary. It 

10 would also be possible for both the UV source and the 
detector to be mounted to scanning assemblies, both 
assemblies scanning across the gel at the same speed. 
In either the preferred or in the alternative 
arrangement, a tunable laser may be used as the light 

15 source. In one particular arrangement, a pair of lasers 
may be provided, or alternatively a twin beam laser, in 
which the beams are aimed at the sample from different 
directions. This provides the possibility of carrying 
out stereoscopic imaging, and by the use of a suitable 

20 beam scanning mechanism providing three-dimensional as 
well as two-dimensional imaging. Such imaging may be 
extremely useful as it enables researchers to investigate 
the distribution of nucleic acids and/or proteins within 
the thickness of the sample being studied. One would, 

25 for example, be able to detect the distribution of 

nucleic acids and proteins within individual cells. With 
the possible use of differentially absorbing tags, one 
can detect how drugs accumulate within a cell. One can 
also detect how viruses build up in cells. 

30 The advantage of using the preferred diamond 

detector, to be described later with reference to Figures 
1 to 5, is that the detector is naturally rather 
insensitive to absorption occurring in biological 
structures which are of no particular interest, such as 
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lipids and carbohydrates. The appropriate resolution 
may be determined, by simple experiment, according to the 
particular application. It is expected that for the 
detection of nucleic acids and proteins at reasonable 
* 5 resolution one would use a ridge size (width) of between 

about 5 and 200 /xm. 

Reference will now be made to Figures 8 and 9 which 
show schematically an automated DNA sequencer according 
to an embodiment of a further form of the present 

10 invention. 

Figures 8 and 9 show one sub-unit of the proposed 
sequencing machine. The machine as a whole comprises 
four or five such sub-units. Each sub-unit comprises a 
top buffer reservoir 810 containing buffering solution 

15 820; a lower reservoir containing buffering solution 

840; a UV source 870 or a plurality of such sources; a 
UV detector 860 linked to a standard readout 865; a 
cathode 822 linked to the buffer solution 820; and an 
anode 842 linked to the buffer solution 840. The device 

20 also includes four solid phase matrix tubes, 850 which 

extend between the upper and lower reservoirs. 

Both the upper and lower reservoirs 810,83 0 may be 
constructed of a clear plastics material, and contain 
simple buffer solutions 820,840 to prevent the excessive 

25 build up of acidity in the system. The solid phase 

matrix tubes 850 contact the buffer solution 820 at the 
top and the buffer solution 840 at the bottom. 

The light source 870 comprises a UV lamp or a 
deuterium or discharge lamp. Alternatively, it could 

30 comprise a laser capable of operating in the range 

between 220nm and 180nm, or even a diode. 

The detector 860 comprises any suitable optical 
detector, matched to the wavelength of the light source 
870. The detector preferably comprises a diamond ridge 
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detector, as will be described in more detail below with 
reference to Figures 1 to 5. The widths of the ridges 
may lie between 5 and 200/im depending upon the 
wavelengths to be detected and the resolution required- 
5 The narrowness of the ridges and the fact that 

substantially planar illumination is used allows for 
great precision and resolution. 

The detector 860 is linked to appropriate 
electronics which provide a digital readout at an output 

10 865, A standard readout such as Labview (™) , inputting 

directly into a suitable database processor such as 
MacVector {™) or MacDNAsys C") . 

The solid phase matrix tubes 850 comprise four 
quartz tubes containing a suitable solid phase material. 

15 Suitable materials include silicon based pre-existing gel 

matrices such as the Sephadex (™) group. The solid phase 
is relatively UV transparent, and is also reusable. The 
length of the txibes is dependent upon the exact nature of 
the solid phase chosen, but will typically be no more 

20 than 15 to 20cm. 

In use, a voltage is applied between the anode and 
the ca^thode to produce a potential difference along the 
length of the solid phase matrix tubes 850. The four 
individual reactions to be detected are loaded, each onto 

25 their separate column, and electrophoresised to the 

anode. As the bands pass between the source 870 and the 
detector 860, a simple qualitative image of each band is 
digitised to a database. The resultant digital 
information may either be read out in real time, or it 

30 may be stored within the detection system electronics, 

until the electrophoresis is complete. All the 
information may then be read out at once. 

After the sequencing mixture has been run through 
the column, all traces of the DNA can be removed by 
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continuous exposure to an electric field and a buffer 
solution. After thorough washing, the solid phase may 
then be reused. 

It should be noted that the simplicity of operation 
5 of the present device, and the reusability of the solid 

phase, follows at least in part from the fact that 
radioactive tagging is no longer required. 

It will be appreciated, of course, that the 
invention in its most general form is not restricted to 

10 the specific features described above. Suitable 

equivalent devices may easily be constructed by a skilled 
person in the art, the exact details of those structures 
depending on the specific area of interest. Specific 
areas in which the device and method of the present 

15 invention may find application include tissue imaging, 

for example drug targeting, performance and cellular 
diagnostics; nucleic acid interrogation and mapping, 
including sequencing, restriction enzyme mapping, 
quantitation. High Pressure Liquid Chromatography (HPLC) 

20 and oligonucleotide purification? and protein imaging, 

including peptide analysis and monitoring of nucleic acid 
manipulation and medical diagnostics. 

For suitable applications, a UV sensor such as is 
described below with reference to Figures 1 to 5 may be 

25 used. Such applications are likely to be those in which 

imaging can be achieved in the approximate range 220 to 
190nm. It is not essential, however, to use a ridged 
topology, such as is specifically described and, for 
certain applications, planar diamond detectors would be 

30 entirely adequate. The advantage of a diamond detector 

is its almost total lack of noise, its excellent qusuitum 
efficiency, and its linearity. 

In regions which are not suitable for use with 
diamond detectors, such as for example the region 220 to 
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290nin (where DNA absorbs) , non-diamond semiconductors may 
be used* Suitable detectors would include UV enhanced 
silicon detectors and photomultipliers. 

The preferred embodiments of the present invention 
5 may either make use of the intrinsic absorption 
properties of molecules, when exposed to light, or 
alternatively may make use of the absorption properties 
of tags attached to the molecules of interest. 
Specialised molecular absorbers with differential 

10 molecular attachment may be used to improve sensitivity. 

Such absorbers may be non-toxic. 

In some embodiments of the invention, stereo UV 
lasers may be used to create three-dimensional images of 
complex structures in the object being scanned, by simple 

15 shadowing software techniques. Again, this could be 

achieved either using the intrinsic absorption properties 
of the molecules being investigated, or by using 
specialised molecular absorber tags. 

A typical prior art detector of charged particles is 

20 shown in Figure 1. The detector comprises a flat sheet 

10 of an insulating material such as diamond, having thin 
gold electrode coatings 12,14 on its upper and lower 
surfaces. The upper electrode coating 12 comprises a 
plurality of parallel readout strips which are aligned in 

25 a direction perpendicular to the plane of the paper in 

the Figure, and the lower electrode coating 14 comprises 
a further plurality of readout strips aligned in a 
direction parallel with the plane of the paper. A large 
potential difference V is maintained between the 

30 electrode coatings. Either the top or bottom electrode 

may be continuous, and the strips may have alternate 
polarity. 

A charged particle following a path 16 through the 
diamond produces electron-hole pairs 18,20, which 
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separate under the influence of the electric field and 
induce a charge on the readout strips. The energy of the 
particle can be determined by the amount of charge which 
is collected, and its position by the intersection of the 
5 upper and lower strips receiving the largest induced 

charges . 

A preferred detector, suitable for use with the 
method and apparatus of the present invention, will now 
be described in detail, with particular reference to 

10 Figures 2 and 3. It is a diamond detector and comprises 

a diamond substrate 30 having, on one surface, a 
plurality of parallel etched diamond ridges 40, On one 
side of each ridge there is a positive readout electrode 
50, and on the other side a negative electrode 60. 

15 These are preferably conductors, but could instead be of 
a high-conductivity doped semi conductor material. 

In use, the detector is positioned so that the 
substrate lies substantially normal to a particle or 
radiation beam 70 to be detected. An individual particle 

20 passing into one of the ridges creates ionised carriers, 

which rapidly drift to the electrodes 50,60 by virtue of 
the large potential difference which is maintained 
between them. Charge is thereby induced on the 
electrodes, this charge being read off by readout devices 

25 (not shown) at the ends of the ridges. 

The substrate and the ridges are preferably of 
diamond, which may either be natural or artificially 
grown . The ridges may either be grown , with the 
substrate, or they may be etched (for example with an 

30 eximer laser). The electrodes 50,60 may be of any 

material or combination of materials (for example 
titanium, vanadium, chromium and/or gold) which form an 
ohmic contact to the diamond surface with appropriate 
processing (for example ablation, ion implantation or 
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annealing) . Standard deposition techniques may be used 
to apply the tnetal as a thin coating to the sides of the 
ridges. Typically, the device may be made by etching 
the ridges, depositing the material, and then polishing 
5 the top surface. 

It will be appreciated from Figure 2 that the 
sensitivity of the device shown can be increased by 
making the value of D (or the height of the ridges) 
larger. The greater the height of the ridges, the larger 

10 the amount of material which a particle has to pass 

through, thereby increasing the ionisation within the 
device. The height of the ridge will normally be matched 
to the expected penetration depth of the particles or 
photons to be detected- The readout speed and efficiency 

15 is determined by the width L of each of the ridges. 

Depending upon the particular application, the value of 
L may be as little as a few micrometers, or a larger 
value up to about 200 fim, and the value of D 10 {im or 
more. The signal-to-noise ratio is large, as there is 

20 negligible cross-talk between signals emanating from 
individual ridges. A typical substrate depth is around 
100 ^m, sufficiently thick to support the ridges and to 
be free-standing without requiring an additional 
supporting base. Preferably, the device makes use of 

25 relatively poor quality diamond, having a recombination 

length of perhaps 6 /xm or so. 

The impedcuice of the readout devices (not shown) at 
the end of the ridges is preferably matched with the 
impedance of the electrodes 50,60, thereby increasing 

30 readout speed and reducing signal losses.. 

There are a number of ways in which a potential 
difference may be applied between the electrodes 50,60 
shown in Figure 2. In its simplest form, a voltage 
source may simply be connected between the two 
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electrodes. Alternatively, the electrodes may be coupled 
to a resistor chain (not shown) , the potential difference 
between the electrodes thereby being defined by the 
potential drop across the corresponding resistor. 
5 Another embodiment is shown in Figure 4, in which 

the electrodes are formed over the base and the sides of 
the space between the diamond ridges 40. This means, 
effectively, that each electrode 50' on the left side of 
a ridge 40 is electrically coupled with a corresponding 

10 electrode 60' on the right hand side of the next ridge in 

the sequence so that they together form a single U-shaped 
electrode 61. In the embodiment of Figure 4a, first 
alternate pairs of U-shaped electrodes 61 are coupled via 
a first voltage source V^^, and second alternate pairs are 

15 coupled by a second voltage source Vj. Such a bipolar 

voltage configuration ensures that there is always a 
constant potential difference - across each of the 
ridges 40. 

An alternative method of applying voltages to the U- 
20 shaped electrodes 61 is shown in Figure 4b, Here, a 

resistor chain is used to drop an input voltage V across 
a plurality of series resistors R. The voltage across 
each ridge 40 may be chosen by selecting appropriate 
values for V and R. 
25 It will be understood, of course, that a similar 

bipolar voltage configuration or resistor chain voltage 
configuration may be used in conjunction with the 
embodiment of Figure 2 . 

A typical potential difference across the ridge 40 
30 may be in the region of 1 volt per /zm.. Stibstantially 

higher voltages could be used, if desired (since diamond 
has a very high breakdown potential) , but there is 
generally no need for high potential differences since at 
greater voltages the carrier speed rapidly saturates. 
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In a further embodiment (not shown) a further 
parallel set of ridges, orthogonal to the first set, is 
provided on the lower surface of the substrate 30, These 
two perpendicular sets of ridges allow accurate x-y 
5 positioning of each detected particle. 

The spaces between the ridges may be filled with a 
plastics material, or other absorber, thereby improving 
the capability of the detector to detect neutral 
particles. 

10 Yet a further embodiment is shown in Figure 5. 

Here, the spaces between the ridges 40 have become 
extremely narrow, and they each contain a separate 
electrode 62. Such an embodiment is, in many 
circumstances, preferred since the narrowness of the gaps 

15 between the ridges 40 produces only a small acceptance 
loss compared with the embodiments of Figures 2,3 and 4. 
The width of the gap, and hence the width of the 
electrode 62, may depend primarily on how narrow a slot 
can be cut into the diamond substrate. The electrodes 62 

20 may be coupled together in any convenient manner so as to 

produce a suitable potential difference across the ridges 
40, for example using the approach of Figure 4a or of 
Figure 4b. 

The detection of high energy electromagnetic 
25 radiation, such as gamma rays, may be improved by adding 

a showering layer (not shown) on top of the ridges. An 
incoming photon first strikes the showering layer, and 
the resulting shower then penetrates into one of the 
ridges below, providing a signal which be detected . 
30 The ionizing radiation detector described cibove can 

provide extremely rapid charge readout, probably within 
35 ps and certainly within 50 ps. These readout speeds 
cannot currently be achieved for any single pulse 
detector of comparable sensitivity and positional 
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accuracy. 

We turn now to a discussion of the way in which the 
above apparatus may be used in practice to identify 
individual molecules within a mixture. 
5 Figure 10 illustrates the arrangement schematically. 

On one side of an elongate substrate 910 along with the 
molecules will move is a UV lamp 920 while on the other 
side there is a series of spaced UV detectors I^, I2, 
l3,...In. As has previously been discussed, sequencing 

10 is achieved by detecting the passage of bands of 

biomolecules in front the detector elements. Since the 
biomolecules absorb UV light in the region of interest, 
the passage of any band in front of a detector induces a 
drop in the nominally DC current which is caused by the 

15 constant illumination 930 of that detector element by the 

UV light source 920. The drop in current is measured 
and tagged, and treated. as an individual signal which may 
be related to a given biomolecule band. Nominally, in 
an electrophoretic gel, the velocity of a given band is 

20 inversely proportional to the root of the mass of the 

sequence of nucleic acid in the band; the charge of the 
sequence is decoupled from its length by frictional 
retardation forces which impose a "terminal velocity" 
caused by those forces being proportional to the length. 

25 In order to identify the individual molecules the 

system automatically collects a sequence of signals S^(t) 
for the array of detectors 5,^ times t = t^, tj, tj... . 

Now, since the position of each detector element is 
known and the elapsed time is also known, it is possible 

30 to calculate the velocity that a particular molecule 

would have needed to reach a particular detector in that 
given elapsed time. If we assume, for example, that the 
elapsed time is measured from to = 0 , and that the 
detector I^ is a distance Zy, from the origin 0, we can 
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calculate the nominal velocity V,,(t) by means of the 
expression Z,t/t. 

Each signal S^(t) is then added to an appropriate bin 
in a weighted running histogram which is grouped by 
5 nominal velocity. The individual signals may be added 
to the appropriate bin in any convenient manner, but in 
the preferred embodiment a weight w is added to the bin 
for each signal, the weight being proportional to the 
signal size S,c(t) • A corresponding graph or histogram of 
10 the weights plotted in velocity space is shown in Figure 

11. 

Since each different biomolecule to be detected is 
of a different length, it will travel at a different 
velocity, and hence will appear in a different place in 

15 the Figure 11 histogram. Individual molecules appear as 

separate spikes or peaks in the histogram; in the 
examples shown molecules A, B and C have been detected. 

In one possible arrangement, the signals S,^ may be 
repeatedly collected for times t^, tz, tj and so on. Once 

20 all the data have been collected they may then be plotted 

and analysed as shown in Figure 11. In an alternative 
and preferred arrangement, however, the data are grouped 
as they are being collected. The advantage of such an 
arrangement is that a graph such as is shown in Figure 11 

25 may be plotted, for example on a computer screen, and may 

be updated in real time. As the data collection proceeds 
the spikes representative of detected molecules gradually 
become more distinct. 

It will be imderstood that the time period between 

30 successive samplings of the detectors .may be chosen 

according to the application. In the preferred 

embodiment, the sampling occurs every one hxmdred 
milliseconds, but for other applications the period might 
be as small as a few microseconds or as large as several 
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minutes or even hours. Provided that the readout 

electronics can handle the flow of data, there is no real 
price to pay for going to shorter and shorter times. In 
addition, there is no need for the time periods to be 
5 contiguous, although in practice contiguous periods of 

measurement are likely to be more convenient, 
particularly with the present application in which the 
period is defined by the drift velocity, the size of the 
bands smd certain other factors. 

10 It will be recalled that the signal S„ at each 

detector 1^ is representative of the current offset from 
the nominal DC level which is present when there are no 
molecules in the path of the beam 930. Statistical 
fluctuations may take this signal either negative (that 

15 is above the average DC level) or positive (that is below 

the DC level) . On average these will tend to cancel, 
and as more data are collected, the noise is gradually 
suppressed. By not trying to follow individual objects, 
but instead "blindly" summing the values in velocity 

20 space at each step, the objects are found automatically 

in a way which is natural, very quick, and which 
minimises noise. The hardware needed is very simple, 
and the software and analysis even more so. The 
hardware could for example be provided by the charging of 

25 a capacitative element by an amount proportional to the 

signal S]^. 

A further advantage of the method is that not only 
is automatic background subtraction carried out, but the 
precision obtained is far greater than would be possible 
30 by the simple use of information from individual detector 

elements. The information from the array as a whole 
provides far greater information and hence precision than 
could be obtained from a consideration of the detectors 
individually. 
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In addition, the method also allows quantification. 
By considering the height and width of each of the spikes 
in Figure 11 one can determine with some accuracy how 
much of each detected sxibstance was contained in the 
5 original mixture. 

The use of an essentially planar light beam 930, and 
directional detectors, ensures that the molecules may be 
located extremely precisely as they pass the detectors. 
While it would of course be possible to use the method 

10 described with molecules that emit a signal to be 

detected, such as radioactivity or UV light, the 
precision is likely to be lower due to additional 
scattering and the fact that the concentration of 
molecules has to be larger to produce the same signal 

15 (since most of the emitted light or radioactivity is 

wasted as it is emitted in all directions) . By using UV 
absorption to produce the signal, one can use very much 
smaller molecules so that they move faster and separate 
faster. This enables the reading time to be drastically 

20 cut to perhaps minutes rather than the conventional 

hours . 

It will be appreciated that the method described may 
have applications other than the sequencing of 
biomolecules . Other applications in which such a 

25 technique might be of use include on-line process 

control, for example in tracking individual items in a 
supply pipe, or monitoring traffic flow. More 
generally, the method may be applied to assessing the 
distribution of items in a time-varying multi-dimensional 

30 density distribution. The general method. allows one not 

only to identify individual substances within a mixture 
of substances, but also to calculate their proportions. 
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CLAIMS; 

1. A method of imaging molecules within a biological 
5 sample comprising shining a UV light onto the sample, and 

detecting the position of molecules of a selected class 
by the molecular UV absorption of molecules of that 
class . 

2 . A method of imaging molecules as claimed in Claim 1 
in which the selected class of molecules comprises a 
selected class of biological molecules, the position of 
molecules of the said class being detected by intrinsic 
molecular UV absorption of molecules of the said class. 

3 . A method of imaging molecules as claimed in Claim 1 
in which the selected class of molecules comprises a 
selected class of UV- absorbing tag molecules, the tag 
molecules being associated with molecules of a selected 
class of biological molecules, the method including 
inferring the position of molecules of the said selected 
class of biological molecules from the detected positions 
of the tag molecules . 

25 4. A method of imaging molecules as claimed in Claim 2 

or Claim 3 in which the selected class of biological 
molecules comprises the class of nucleic acids. 

5. A method of imaging molecules as claimed in Claim 2 
30 or Claim 3 in which the selected class of biological 

molecules comprises the class of peptides. 

6 . A method of imaging molecules as claimed in Claim 2 
or Claim 3 in which the selected class of biological 
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molecules comprises the class of proteins. 

7. A method of imaging molecules as claimed in Claim 3 
in which the selected class of biological molecules 
comprises the class of drug molecules. 

8. A method of imaging molecules as claimed in Claim 2 
or Claim 3 in which the selected class of biological 
molecules comprises the class of viruses. 



9. A method of imaging molecules as claimed in any one 
of the preceding claims including the step of digitizing 
the molecular positions, on detection, and building up as 
detection proceeds a digitized image of the molecular 

15 positions. 

10. A method of imaging molecules as claimed in any one 
of the preceding claims in which molecules are imaged in 
the spatial domain by detecting the position within the 
sample of molecules of the said selected class. 



11. A method of imaging molecules as claimed in Claim 10 
in which the molecules are imaged by scanning a detector 
with respect to the sample, or vice versa. 

12. A method of imaging molecules as claimed in any one 
of Claims 1 to 9 in which molecules are imaged in the 
time domain, the molecules being detected at a fixed 
spatial point as they move on or within a fixed sample. 

13 . A method of imaging molecules as claimed in Claim 12 
in which the molecules are arranged to move by 
electrophoresis within a fixed sample. 
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14 . A molecular imaging device for imaging molecules 
with a biological sample, comprising a UV light source 
arranged to shine onto a sample to be investigated and a 
UV detector arranged to detect the position of molecules 

5 of a selected class by the molecular UV absorption of 

molecules of that class. 

15. A molecular imaging device as claimed in Claim 14 
including a digitizer for digitizing the molecular 

10 positions, on detection, and for building up, as 

detection proceeds, a digital image of the molecule 
positions . 

16 . A molecular imaging device as claimed in Claim 14 or 
15 Claim 15 in which the detector determines the spatial 

distribution of molecules of the selected class within a 
sample . 

17. A molecular imaging device as claimed in Claim 16 
20 including scanning means for. scanning the detector with 

respect to the sample, or vice versa. 

18. A molecular imaging device as claimed in Claim 14 or 
Claim 15 in which the detector is stationary with respect 

25 to the sample and is arranged to detect molecules of the 

said selected class as they move on or within the sample 
past the detector. 



30 



19. A molecular imaging device as claimed in Claim 18 in 
which the UV source is located opposite the detector. 



20. A molecular imaging device as claimed in any one of 
Claims 14 to 19 in which the detector is of diamond. 
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21. A molecular imaging device as claimed in any one of 
Claims 14 to 19 in which the detector is of UV enhanced 
silicon. 

5 22. A molecular imaging device as claimed in any one of 

Claims 14 to 21 in which the detector comprises a single 
wafer of detector material, the wafer having a plurality 
of parallel sided grooves in a surface thereof thereby 
defining between the grooves a plurality of parallel 
10 sided detector elements, opposing sides of each element 

carrying opposing readout electrodes; and means for 
applying a potential difference between the opposing 
electrodes of each element to create an electric field 
across the element. 

15 

23 . A molecular imaging device as claimed in any one of 
Claims 14 to 21 in which the detector is pixellated for 
imaging in two dimension. 

20 24. A molecular imaging device as claimed in any one of 

Claims 14 to 23 in which the UV light source is arranged 
to shine onto the sample from two different directions, 
the device including three-dimensional image 
reconstruction means for reconstructing the molecular 

25 image positions in three -dimensions based on differences 

in absorption between the two directions. 

25. A molecular imaging device as claimed in Claim 24 in 
which the light is arranged to shine in a first 
3 0 direction, followed by a second direction. 



26. A molecular imaging device as claimed in any one of 
Claims 14 to 25 in which the light source is a UV laser. 
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27, A molecular imaging device as claimed in any one of 
Claims 14 to 25 in which the light source is a Deuterium 
lamp . 

5 28. A molecular imaging device as claimed in any one of 

Claims 14 to 25 in which the light source is a Helium 
discharge tube. 

29- An electrophoresis apparatus comprising an 
10 electrophoresis material onto which samples to be 

analysed are loaded, means for applying a potential 
difference along the material thereby causing the samples 
to move along the material, and a fixed detector located 
part way along the material and arranged to detect 
15 molecules of a selected class as they move past the 

detector. 

30. An electrophoresis apparatus as claimed in Claim 29 
including a light source arranged to shine onto the 

20 electrophoresis material adjacent the detector, the 

apparatus being arranged to determine that molecules of 
the selected class are adjacent the detector when the 
detector registers a reduced light input due to the 
molecular light aJDSorption of molecules of the said 

25 class. 

31. An electrophoresis apparatus as claimed in Claim 29 
including an ultra-violet source arranged to shine onto 
the electrophoresis material adjacent the detector, the 

30 apparatus being arranged to determine that molecules of 

the selected class are adjacent the detector when the 
detector registers a reduced light input due to the 
molecular UV absorption of molecules of the said class. 
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32. An electrophoresis apparatus as claimed in any one 
of Claims 29 to 31 in which the electrophoresis material 
is solid phase, . 

5 33 . An electrophoresis apparatus as claimed in Claim 32 

in which the electrophoresis material is mounted to a 
quartz substrate. 

34 . An electrophoresis apparatus as claimed in Claim 32 
10 or Claim 33 in which the electrophoresis material is re- 
usable . 

35. An electrophoresis apparatus as claimed in Claim 31 
in which the detector is arranged to register a reduced 

15 UV input due to the intrinsic molecular UV absorption of 
biological molecules with a sample. 

36. An electrophoresis apparatus as claimed in Claim 31 
in which the detector is arranged to register a reduced 

20 UV input due to UV absorption of UV- absorbing tag 

molecules which are associated with biological molecules 
of interest within a sample. 

37. An electrophoresis apparatus comprising an 
25 electrophoresis material onto which samples to be 

analysed are loaded, means for applying a potential 
difference along the material thereby causing the samples 
to move along the material, a light source arranged to 
shine onto the material and a detector arranged to detect 
30 the position of molecules of a selected class by the 

molecular light absorption of molecules of that class. 

38. An electrophoresis apparatus as claimed in Claim 37 
in which the light source is a UV light source. 
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39. An electrophoresis apparatus as claimed in Claim 37 
or Claim 38 in which the detector is fixedly located part 
way along the material and is arranged to detect 
molecules of the selected class as they move past the 

5 detector. 

40. An electrophoresis apparatus as claimed in Claim 37 
or Claim 38 in which the detector is arranged to scan 
across the material, or vice versa, once electrophoresis 

10 is complete. 

41. An electrophoresis apparatus as claimed in Claim 37 
or Claim 38 in which the detector is a two-dimensional 
imaging detector arranged to image the material after 

15 electrophoresis is complete. 

42- An electrophoresis, apparatus as claimed in Claim 40 
in which the detector is a pixellated detector. 

20 43. An electrophoresis apparatus as claimed in any one 

of Claims 37 to 41 in which the light source and the 
detector are located on opposing sides of the 
electrophoresis material. 

25 44 . An electrophoresis apparatus as claimed in any one 

of Claims 37 to 42 in which electrophoresis material is 
solid phase. 

45. An electrophoresis apparatus as claimed in Claim 43 
30 in which the electrophoresis material is mounted to a 

quartz substrate. 



46. An electrophoresis apparatus as claimed in Claim 43 
or Claim 44 in which the electrophoresis material is 
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reusable . 

47. An electrophoresis apparatus as claimed in any one 
of Claims 29 to 46, comprising a DNA sequencer. 

48, A molecular imaging device as claimed in any one of 
Claims 14 to 19 in which the detector compri:;^ a 
photomultiplier . 
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